Introduction
Brilliant blue FCF [bis{4-(N-ethyl-N-3-sulfophenlmethyl)-aminophenyl}-2-sulfophenyl methylium disodium salt] is a synthetic colorant that is commonly applied as food additive and also widely utilized in cosmetics, textiles, paper, and the plastics industry. 1 Since the additional amount in food and beverages severely affects the quality and safety of food products, 2 it is strictly controlled by legislation in China under a national standard. 3 The reported methods for BB FCF determination include spectrophotometry, 4, 5 capillary electrophoresis, 6 highperformance liquid chromatography (HPLC) 7, 8 and voltammetry. 9, 10 Among these methods, electrochemical techniques have many advantages including low cost, fast response, high sensitivity, and good reproducibility.
The ECL technique is a means of converting electrical energy into radiative energy, resulting from the combination of electrochemistry and chemiluminescence. 11 In recent years, a great deal of research on ECL sensors has been conducted for detection, e.g. organic pollutants, [12] [13] [14] mycotoxins, 15 proteins, 16, 17 and metal ions, 18, 19 because of their remarkably high sensitivity, low background signal and temporal and spatial control. Tri(2,2′-bipyridyl)ruthenium [Ru(bpy)3
2+
] is the most used ECL luminophore, which has been extensively studied and applied in ECL analysis due to its good chemical stability, wide pH range, high luminous efficiency and excellent electrochemical performance. 20 Until now, most ECL systems have been utilized for detection by coupling with separation techniques, such as flow-injection analysis, 21 capillary electrophoresis, 22 and HPLC. 23, 24 In those methods, ECL reagents were generally used as solution-phase. However, the compounds that coexist in the solution have the possibility of influencing the analytical performance. Otherwise, ECL reagents, e.g. Ru(bpy)3
, would need to be consumed in large amounts, causing an increase in cost, reagent waste and environmental pollution, and thus resulting in the limt of their widespread application. Immobilization of ECL reagents on electrode surface can not only reduce the usage of expensive reagents but also simplify the experimental procedure and improve the analytical sensitivity. Many researchers have been searching for different and valid methods for fixing luminophores on electrode surfaces, such as electrostrostatic adsorption, 25 Langmuir-Blodgett, 26 and Sol-Gel method. 27 Poly(sulfosalicylic acid) film has high concentrations of negatively charged surfacefunctional groups, ascribing to the high density of carbonyl (COO -) and sulfonic (SO3 -) groups. 28 Li et al. 29 prepared a PSSA/functionalized graphene modified GCE for simultaneous determination of catechol and hydroquinone. The PSSA film would effectively increase the adhesion and stablity of the PDDA-GN [poly(diallyldimethylammonium chloride)-graphene] layer. Feng et al. 30 constructed a PSSA-ssDNA (single-stranded DNA) modified GCE by cyclic voltammetry, which distinctly improved the electrocatalytic ability and the electrode exhibited good stability.
Based on enhanced or quenched ECL signal of Ru(bpy)3 2+ , many sensitive methods were developed for the target analytes. Actually, more attention has been paid to enhanced ECL, and the investigation of ECL quenching has been limited. 20 Cui et al. 21 dopamine, 32 and phenolphthalein. 33 Most analytes involved in the quenched ECL are limited to some specific compounds, i.e. phenols and their derivatives. 34 To the best of our knowledge, there have been few reports on BB FCF determination by the ECL procedure of Ru(bpy)3 2+ system. In the present work, a novel solid-state ECL quenching sensor has been prepared for BB FCF determination.
The poly(sulfosalicylic acid) (PSSA) film combined with luminophore Ru(bpy)3 2+ is successfully fabricated on GCE surface via simple electropolymerization.
The resulting modified electrode shows strong ECL signal in phosphate buffer solution (pH 10) that is inhibited in the presence of BB FCF. The sensor shows good analytical performance, and is successfully applied for the detection of BB FCF in peppermint candies.
Experimental

Reagents and apparatus
Brilliant blue FCF, tri(2,2′-bipyridyl)ruthenium, and sulfosalicylic acid were obtained from Sinopharm Chemical Reagent Co., Ltd., China. All other chemicals were of analytical grade and used without further purification. The solutions were prepared by doubly distilled water.
A CHI660D electrochemical analyzer (CH Instruments, Chenhua Co., Shanghai, China) was used for the electrochemical polymerization.
Cyclic voltammogram (CV) and ECL experiments were performed using an MPI-B ECL analyzer system (Remax Analysis Instruments Co., Ltd., Xi'an, China). Scanning electron microscope (SEM) observation of Ru(bpy)3 2+ -PSSA/GCE was carried out with a JSM-6360LA SEM instrument.
Preparation of the electrode
A conventional three-electrode system was set up for electrochemical polymerization, consisting of a glassy carbon electrode (3 mm in diameter) as the working electrode, a platinum wire as the auxilary electrode, and a saturated calomel electrode as the reference electrode. The GCE was polished successively on chamois leather with 0.3 and 0.05 μm Al2O3 slurry, followed by washing with HNO3 (1:1, v/v), ethanol, and doubly distilled water in an ultrasonic bath.
The polymerization was performed in 10 mmol/L sulfosalicylic acid and 0.1 mmol/L Ru(bpy)3 2+ by cyclic voltammetry from -1.5 to 2.0 V at 100 mV/s for 30 cycles. After polymerization, a bright gold film could be seen on the GCE surface. The obtained Ru(bpy)3 2+ -PSSA/GCE was carefully washed with double distilled water for use.
Analytical procedure
The Ru(bpy)3
2+
-PSSA/GCE was used as the working electrode for determination of BB FCF, and the auxiliary and the reference electrodes were the same as those used in the electrochemical polymerization procedure. We used 0.1 mol/L phosphate buffer solution (PBS) of different pH as the supporting electrolyte. A cyclic voltammetry was scanned in the range of 0 -1.5 V with the scan rate of 100 mV/s, and the ECL signal was then recorded. All experiments were carried out at room temperature.
The samples of peppermint candy were purchased from a local market. Before detection, the peppermint was firstly dissolved by 0.1 mol/L PBS (pH 10), then the solution was filtered by using a 0.22-μm membrane and finally diluted to 50 mL with 0.1 mol/L PBS (pH 10). Finally, 20 mL of the obtained solution was analyzed as described above. 
Results and Discussion
The characterization of Ru(bpy)3
2+
-PSSA/GCE Owing to the negative-charged surface of PSSA, the positvecharged Ru(bpy)3 2+ could be loaded onto the PSSA film by electrostatic force. The SEM morphologies and electrochemical behaviors of Ru(bpy)3
-PSSA modified GCE were analyzed using SEM and CV as shown in Figs. 1 and 2 . Via electropolymerization procedure, PSSA film was successfully shaped on the GCE surface, exhibiting a sheet-like structrue (Fig. 1a) . From the higher magnified morphology (Fig. 1b) , it can be observed that many tiny particles disperse on the PSSA film, which is ascribed to the attached Ru(bpy)3
. The CV showed that the Ru(bpy)3
-PSSA/GCE exhibited an obvious peak at ca. 1.25 V, which was attributed to the oxidation of Ru(bpy)3 2+ (curve b, Fig. 2 ). While no apparent peak was observed on PSSA/GCE (curve a, Fig. 2) . The results suggested that the Ru(bpy)3 2+ was successfully immobilized onto the electrode surface by the electropolymerization. Fig. 3 ). When Ru(bpy)3 2+ was immobilized onto the PSSA film (curve b, Fig. 3 ), a distinct ECL peak appeared at ca. 1.20 V and the ECL intensity was observed as 2950 in PBS (pH 10). Immobilizing the ECL reagent on electrode surface can significantly improve analytical sensitivity. When Ru(bpy)3 2+ existed in the solution (Fig. 4) , the ECL signal was much smaller than that of Ru(bpy)3 2+ as solidstate on the electrode. The ECL intensities of solution-phase Ru(bpy)3 2+ at bare GCE (curve a, Fig. 4 ) and PSSA-GCE (curve b, Fig. 4 ) were found as 366 and 296, while the ECL signal was greatly amplified at Ru(bpy)3
-PSSA/GCE. Compared to the ECL at bare GCE, the weaker ECL of solution-phase Ru(bpy)3 2+ that occurred at PSSA/GCE may be caused by the hindrance of PSSA film on the GCE to the charge transfer, and it is believed that PSSA here only acts as a "fixer" to immobilize Ru(bpy)3 2+ onto the electrode surface.
The effect of BB FCF on the ECL emission
In the presence of 0.5 μmol/L BB FCF, the ECL intensity of Ru(bpy)3
2+
-PSSA/GCE decreased from 2950 to 2400 (curve c, . The Ru(bpy)3 3+ complex could be reduced in alkaline solution to form radical *Ru(bpy)3 2+ through a reaction with hydroxide ion. 35 The electrocatalytic ability of the Ru(bpy)3
-PSSA/GCE to BB FCF oxidation is probably owing to the oxidation of BB FCF by formed *Ru(bpy)3
. In other words, the oxidation of BB FCF consumes *Ru(bpy)3
, and thus the ECL signal from *Ru(bpy)3 2+ is quenched. The possible quenching mechanism of Ru(bpy)3 2+ was summarized as follows by Eqs. (1 -3) .
Ru(bpy)3 3+ + OH -→ *Ru(bpy)3 2+ + 1/4O2 + 1/2H2O (2) 
Optimization of electrolyte pH
The effect of solution pH on the ECL response of Ru(bpy)3
2+
was studied in the pH range of 7 -10 ( Fig. 6) . The ECL intensity increased with increasing pH value from 7 to 10, and reached its maximum at pH 10, then suddenly decreased when pH was raised to 11. In alkaline media, PSSA has the possibility of becoming over-oxidized under relatively high potential, along with the loss of electro-activities. 36 Due to the over-oxidized PSSA that inhibited the electron transfer, the oxidation of Ru(bpy)3 2+ became difficult to take place in pH 11 PBS. Therefore, pH 10 0.1 mol/L PBS was used as the electrolyte for BB FCF detection.
Optimization of potential scan rate
The ECL intensity of Ru(bpy)3
2+
-PSSA/GCE in PBS (pH 10) at different scan rates, including 25, 50, 75, 100, 125, 150 mV/s, is shown in Fig. 7 . Along with the increase of the scan rate, the ECL intensity increased. However, as the scan rate was set above 100 mV/s, the reproducibility of ECL signal on Ru(bpy)3
-PSSA/GCE was not good. Thus, the scan rate was set as 100 mV/s in order to achieve better reproducibility.
Linear range and detection limit
Determination was based on difference of the ECL intensity ΔECL, ΔECL = ECL0 -ECL, where ECL0 is the ECL intensity of Ru(bpy)3
2+
-PSSA/GCE in the absence of BB FCF, while ECL is the intensity in the presence of various concentrations of BB FCF. As shown in Fig. 8A , the luminescent peak of Ru(bpy)3 2+ -PSSA was gradually inhibited with successive addition of BB FCF. The quenched ECL intensity was proportional to two concentration intervals of BB FCF, one was from 0.5 to 7.0 μmol/L and the other was from 7.0 to 10 μmol/L (Fig. 8B) . The linear regressive equation of the former was ΔECL = 82.9 (nmol/L) + 2014, with a correlation coefficient of r = 0.990. And that of the latter was ΔECL = 319.9C (nmol/L) + 370.9, r = 0.990. The limit of detection was obtained as 57 nmol/L (S/N = 3). Compared with the most commonly used methods, e.g. HPLC 8, 37 and CE, 6,38 our proposed ECL sensor exhibited a satisfactory detection limit.
Reproducibility and interference
In order to evaluate the reproducibility of Ru(bpy)3
2+
-PSSA/ GCE, six electrodes were prepared using the same method to measure the ECL response in 0.1 mol/L PBS (pH 10) containing 0.5 μmol/L BB FCF. The relative standard deviation of ECL signals was calculated as 1.4%, which indicates that the Ru(bpy)3
-PSSA/GCE has good reproducibility. The interferences of common food additives such as sweeteners and perservatives were invistigated at Ru(bpy)3 2+ -PSSA/GCE for BB FCF determination. No interference occurred in the presence of the following substances: 1000-fold concentration of glucose, sucrose, fructose, lactose, citric acid, sodium citrate, potassium dihydrogen phosphate and 100-fold potassium sorbate, D-ascorbic acid, MgSO4, CaCl2, with the deviations below 5%.
Sample determination
The deterimination of commercially available peppermint candies were empolyed to assess practial application. Recovery testing was performed to demonstrate the validity of the proposed method. In addition, the real samples were also tested by HPLC method. As shown in Table 1 , the testing results of BB FCF in all samples by our method were in good agreement with those obtained by HPLC. Moreover, the obtained recoveries of three samples were 98.60, 97.58, and 101.26%, respectively. The results indicated that the proposed method was reliable and able to be employed in the analysis of real samples.
Conclusions
Through simple electropolymerization, a novel solid-state ECL sensor of Ru(bpy)3 2+ -PSSA modified GCE has been successfully fabricated. Ru(bpy)3 2+ was immobilized on the PSSA surface by electrostatic force, generating a strong ECL signal in PBS (pH 10). On the basis of the ECL quenching, the developed sensor was used for determination of BB FCF. Under the selected conditions, the results presented a wide detection range, low detection limit, and good responsibility and selectivity. This method may not only provide a useful tool for BB FCF determination, but could also be extended to develop various solid-state ECL quenching sensors for the determination of other compounds. 
